Pion-Kaon Correlations in Central Au Au Collisions at s NN p 130 GeV
University of Zagreb, Zagreb, HR-10002, Croatia (Received 30 July 2003; published 31 December 2003) Pion-kaon correlation functions are constructed from central Au Au STAR data taken at s NN p 130 GeV by the STAR detector at the Relativistic Heavy Ion Collider (RHIC). The results suggest that pions and kaons are not emitted at the same average space-time point. Space-momentum correlations, i.e., transverse flow, lead to a space-time emission asymmetry of pions and kaons that is consistent with the data. This result provides new independent evidence that the system created at RHIC undergoes a collective transverse expansion. DOI: 10.1103/PhysRevLett.91.262302 PACS numbers: 25.75.Gz, 25.75.Ld Two-particle correlations for nonidentical particles produced in heavy ion collisions are sensitive to differences in the average emission time and position of the different particle species [1] . Such correlations in data taken at GANIL ( 129 Xe 48 Ti at 45 MeV per nucleon) suggest delayed emission of deuterons with respect to protons [2] . Correlation data from the SPS (Pb-Pb collisions at s NN p 17:3 GeV), and AGS (Au-Au collisions at s NN p 4:7 GeV) also suggest that the pion and proton average space-time emission points do not coincide [2] [3] [4] ; a partial explanation is that space-momentum correlations arise from the system's collective expansion week ending  31 DECEMBER 2003   VOLUME 91, NUMBER 26   262302-2 262302-2 [2] . For Au Au collisions at s NN p 130 GeV, transverse mass spectra, elliptic flow, and deduced pion source radii suggest collective expansion in the transverse plane [5, 6] . Such transverse flow may shift the average emission radii of different particle species by different amounts. Also, different species may kinematically decouple from the system at different times depending upon their interaction cross sections [7] . In addition, the average emission time for a given species may be delayed significantly if produced dominantly through resonance decay. We construct pion-kaon correlation functions from Au Au STAR data taken at s NN p 130 GeV and investigate whether the pions and kaons are emitted at the same average space-time position.
P H Y S I C A L R E V I E W L E T T E R S
Nonidentical charged particles interact through Coulomb and strong interactions; for the pion-kaon case correlation effects are dominated by the Coulomb interaction. To probe the -K separation, correlation functions Ck are constructed as the ratio of the k distribution constructed with particles from the same event (correlated distribution) divided by the k distribution constructed with particles from different events (uncorrelated distribution). k is the magnitude of the threemomentum of either particle in the pair rest frame.
For two particles initially moving towards each other the effects of the Coulomb and strong interactions are different from those for two particles initially moving apart. The technique exploits this difference to study emission asymmetries [1, 2, 8] . Pairs are divided into two groups, which represent either the case where the pions catch up with the kaons or the case where the pions move away from the kaons, depending upon the spacetime separation between pion and kaon emission points. Each sample is used to construct two different correlation functions, C k and C ÿ k , the sign index reflecting the sign ofṽ v k k , withṽ v the pair velocity andk k the pion momentum vector in the pair rest frame. If the average space-time emission points of pions and kaons coincide, both correlation functions are identical. If instead, pions are emitted closer to the center of the source than kaons, pions with larger velocity will tend to catch up with kaons, and the Coulomb correlation strength will be enhanced compared to the case where pions are slower than kaons. Hence, the correlation function C will show a larger deviation from unity than C ÿ . Pairs can be further separated according to the signs of k side , k long , and k out , thek k projections onto three perpendicular axes in the longitudinally comoving system (LCMS) where the longitudinal component of the pair momentum vanishes [9] . The out axis parallels the pair velocity in the LCMS, the long axis is the beam axis, and the side axis is perpendicular to the other two. r out , r side , and r long are the corresponding projections of the three-vectorr r , the relative distance between the particle freeze-out points in the pair rest frame. Because of azimuthal symmetry and symmetry about midrapidity, hr side i hr long i 0. Thus C =C ÿ defined with respect to the signs of k side and k long must equal unity. If pions and kaons are not emitted at the same average radius in the transverse plane and/or at the same average time, C =C ÿ defined with respect to the sign of k out will deviate from unity, unless these two contributions cancel. Thus, one can probe the space-time separation between pion and kaon sources in the transverse plane.
Charged particles are identified and tracked by the STAR Time Projection Chamber (TPC) [10] . This analysis selects the 12% most central collisions, i.e., the events with the largest multiplicity of particles. Selected particles have pseudorapidity jj < 0:5. The Au Au collision point (primary vertex) is required to be within 75 cm of the TPC midplane. The noncorrelated pair background is constructed by mixing events whose primary vertices are also separated from each other by less than 10 cm.
Pions and kaons are identified by measuring specific energy loss (dE=dx) in the TPC. When the momentum of pions and kaons exceeds 700 MeV=c, the dE=dx of both species becomes similar which compromises particle identification. In addition, the pion and kaon samples are contaminated by electrons and positrons. The yield of each particle species in the momentum range where the energy losses coincide is interpolated (e =e ÿ contamination) or extrapolated (kaon/pion separation) from the yields measured in the momentum range where there is good separation. In order to quantify the probability of correctly identifying a given species when the dE=dx bands overlap, four probabilities are calculated for each track: the chance that the particle is a or [6] . To be accepted as a pion or kaon the probability has to be > 60%. Tracks must point back to within 3 cm of the primary vertex; this removes a large number of secondary pions. Pions must have transverse momentum 80 MeV=c < p T < 250 MeV=c and rapidity jyj < 0:5, while kaons must have 400 MeV=c < p T < 700 MeV=c and jyj < 0:5.
Pion-kaon pair identification probability (product of both particle individual dE=dx probabilities) is required to be larger than 60%. Since the e -e ÿ pairs can distort ÿ -K and -K ÿ correlation functions, the maximum probability allowed for a given pair to be e -e ÿ is set at 1%, ensuring negligible contribution. Track pairs that share more than 10% of their TPC space points are discarded in order to avoid track merging errors. Two points are defined as shared if the probability of separating hits produced by them in the TPC is less than 99%. After selecting pion-kaon pairs, the correlation functions are constructed by taking the ratio of the k distributions of pairs from the same event to the k distributions of pairs from different events.
Primary purity and momentum resolution effects are taken into account as described below. Primary purity (P) is the percentage of primary pion-kaon pairs in all pion-kaon pairs satisfying all cuts. It is estimated to average 77% for unlike-sign pairs and 75% for like-sign pairs. The lower limit for each is 54%. This number is the product of the probability of identifying both pions and kaons using the dE=dx information and the probability of excluding pions and kaons that do not originate from points close to the collision vertex. Excluded pions include decay products of strange hyperons and K 0 s , and pions produced in the detector material. The fraction of secondary pions is estimated from the K 0 s , , and pion yields in Refs. [11] [12] [13] . Detector simulations determine the relative reconstruction efficiency of pions from these different sources. Secondary kaons, being rare, are neglected. Assuming that the nonprimary pion-kaon pairs are uncorrelated, the measured correlation function (C m ) is corrected as C c k C m k ÿ 1=Pk 1. The systematic error introduced by this correction is less than 20%.
The effect of momentum resolution depends upon the correlation function shape. Pion-kaon correlation functions are calculated from the pion and kaon momentum and space-time distributions, accounting for both the Coulomb and strong interactions as in Ref. [14] . The correlation function strength is calculated with the true momentum, while the correlation function is binned as a function of k smeared by momentum resolution. Momentum resolution is estimated at the track level by detector simulations. The space-time distribution is chosen so that the main features of the measured correlation function are reproduced. The correction is obtained by comparing correlation functions calculated with and without momentum smearing. The correction enhances Ck by 20% (1%) for k < 5 MeV=c (5 < k < 10 MeV=c), first and second bins in Fig. 1 , with a conservative systematic error of 100% on the correction of these two bins.
The top panels of Fig. 1 show the correlation functions for every combination of pion-kaon pairs. The agreement between unlike-sign ( ÿ -K and -K ÿ ) and between like-sign ( -K and ÿ -K ÿ ) correlation functions is excellent. The middle and bottom panels show the ratios C =C ÿ for all pion-kaon pair combinations. C =C ÿ with respect to the sign of k side and k long is unity within statistical errors in accordance with the requirement that hr side i hr long i 0. However, C =C ÿ with respect to the sign of k out is significantly larger than unity at small k when the interaction is attractive ( ÿ -K and -K ÿ ) and significantly smaller than unity when the interaction is repulsive ( -K and ÿ -K ÿ ). These results indicate that pions and kaons are not emitted on average at the same radius and/or time.
In order to understand the measured average spacetime shift between pion and kaon sources, we compare the data with the RQMD (Relativistic quantum molecular dynamic [15] ) model and the blast wave parametrization (BWP) described in Ref. [5] . BWP assumes that the system has undergone longitudinal and transverse expansions, and provides the particle space-time and momentum distributions at kinetic freeze-out. The parameters, system outermost radius R 13 fm, freeze-out proper time 93 m=c, emission duration 0 fm=c, temperature T 110 MeV, and transverse flow rapidity r 0:9r=R (with particle emission radius r) are consistent with fits to pion, kaon, proton, and lambda transverse mass spectra and to pion source radii [5] . The hadronic cascade model, RQMD, also generates transverse flow through rescattering of hadrons [7] . Indeed, turning off hadronic rescattering within this model shuts off transverse flow [16] . In addition, RQMD includes contributions from resonance decay, such as !, , and , which shift pion and kaon emission times. Figure 2 shows correlation functions Ck and ratios C =C ÿ obtained from BWP and from RQMD with and without hadronic rescattering. The calculated correlation functions use model space-time and momentum distributions as described in [14] , with pion and kaon kinematic cuts chosen to match the data. The correlation functions calculated for like-sign (unlike-sign) pairs are compared to both -K and ÿ -K ÿ ( ÿ -K and -K ÿ ) experimental correlation functions, as the calculation depends only on the relative charge of pions and kaons. The small wiggles in the calculated C =C ÿ ratios for k < 20 MeV=c arise from statistical uncertainties. RQMD and BWP are in qualitative agreement with the measured correlation functions. Turning off rescattering in RQMD leads to a strong correlation, which implies that the pion and kaon sources are too small. On the other hand, RQMD reproduces qualitatively the ratio C =C ÿ .
The effect of source size and source shift is disentangled by simultaneously fitting the correlation functions C and C ÿ . In order to ensure that the detector acceptance is matched, the particle momenta are taken from experimental pion-kaon pairs constructed by mixing events that pass all the cuts. The particle positions are set such that the distribution of the relative space-time separation between pions and kaons in the pair rest frame is a three-dimensional Gaussian. The free parameters are the Gaussian mean, hr out i hr out ÿ r out Ki (hr side i hr long i 0), and the Gaussian width, r ÿ1:3 fm with a 2 =dof 134:5=110. Systematic errors are estimated from the discrepancy between the four correlation functions, the dependence on the input momentum distribution, the uncertainties on primary purity, and the fit range dependence. This ÿ5:6 fm in the pair rest frame becomes in the laboratory frame ÿ3:9 fm ( However, neither RQMD nor BWPr r distribution is close to a three-dimensional Gaussian. Thus, to compare models and data fairly, the correlation functions calculated from RQMD and BWP are fitted in exactly the same way as the data. The extracted fit parameters are compared to the data in Table I . The large 2 =dof values arise because the tails of ther r distributions of RQMD and BWP are not well described by a three-dimensional Gaussian in the pair rest frame. The data appear to be insensitive to these tails due to larger statistical errors.
Consider BWP. At an emission point, the fluid velocity and the thermal velocity in the fluid rest frame combine to give the observed particle velocityṼ V. If the source did not expand, the relative emission probability for givenṼ V would track the fireball spatial density. If the source expands but T 0, particles withṼ V would come from the single point where the fluid moves withṼ V. For T Þ 0, constant density and unlimited fireball size, the spread of thermal velocity smears this emission point to a nearly spherical volume the size of which increases with decreasing particle mass. This volume must be folded with a realistic fireball spatial density distribution, thereby removing contributions from outside the fireball. Thus, effective centers of emission regions are shifted towards smaller radii for particles of smaller mass. Within our m t =T range (m t transverse mass; m t / m at given V), the relative shift [2] of pions and kaons is significant. There is also an emission time separation: BWP has kinetic freeze-out at fixed longitudinal proper time t 2 ÿ z 2 p , so the larger size of the effective pion source yields emission at later laboratory times t. Thus pions are on average emitted closer to the source center and later in time than kaons in agreement with the signs of the departures from unity in the lower two rows of the data in Fig. 1 .
In the RQMD model, pion and kaon sources are also spatially shifted when transverse flow builds up by hadronic rescattering. Even when rescattering is turned off, resonance decays delay the pion average emission time and increase the apparent size of the source.
Our results show that pions and kaons are not emitted at the same average space-time position for Au Au Fit results using a three-dimensional Gaussian distribution in the pair rest frame. For the data, the first error is statistical and the second systematic. The errors on the model calculations are calculated by rescaling the 2 distribution by the minimum value of 2 =dof. 
